Recently, Eagon and Carson (7) and Gray and Wilkinson (10) reported that Pseudomonas aeruginosa dies rapidly in the presence of ethylenediaminetetraacetate (EDTA). Evidence was presented by both groups that the structural integrity of the cell wall is impaired The former authors concluded, moreover, that the binding of divalent cations is essential for the integrity of the cell wall of this microorganism Furthermore, Eagon, Simmons, and Carson (8) reported that Ca++, Mg++, and Zn++ are components of the cell wall of P. aeruginosa. On the other hand, evidence was presented by Carson and Eagon (6) that the mucopeptide component is not solely responsible for the structural integrity of the cell wall of P. aeruginosa.
The investigations described in this paper, therefore, were undertaken to provide further information on the role of multivalent cations in the organization and structure of the cell wall of P. aeruginosa. A role for multivalent cations in the nonenzymatic assembly of subunits of lipopolysaccharide or lipoprotein components of the cell wall, or both, was inferred as well from results of our investigations. A preliminary report of this work has been published (2) .
MATERIALS AND METHODS
Cultivation of organism. P. aeruginosa strain OSU 64 was cultivated at 37 C on a rotary shaker in a basal salts-glucose-yeast extract medium as previously described (6) . Cells were harvested after 14 to 16 hr of cultivation and were washed with distilled water before use.
Experimental procedures. Cells of P. aeruginiosa were incubated with EDTA, tris(hydroxymethyl)-aminomethane (Tris) buffer, and lysozyme according to techniques previously reported (7) . Modifications of these techniques are described as appropriate in the protocols of the figures and tables.
CELL WALL OF P. AERUGINOSA however, osmotically fragile. Voss (21) has previously observed this phenomenon. Thus, we have proposed the term, osmoplast, to describe these osmotically fragile rods (2) After incubation of the complete system for 10 min at room temperature, cations were added to give a final concentration per milliliter as indicated above. The resulting reaction mixtures were then incubated for an additional 10 min. Restored cells or osmoplasts were collected by centrifugation at 3,500 X g for 15 min and resuspended in water. Lysozyme was added to complete system where indicated at time zero to give a final concentration of 30 ,g/ml. Basal salts were the same multivalent cations in the same final concentration as used in media for propagation of P. aeruginosa (i.e., Ca++ (Table  3) . Thus, Tris buffer contributed to the lethal effects of EDTA. Similarly, the lethal effect of the EDTA-Tris combination for cells and cysts of Azotobacter vinelandii has been reported recently (9) . On the other hand, we noted no toxicity of Tris buffer in the absence of EDTA.
Evidence for the competition of Na+ with multivalent cations. The data in Table 4 show that material absorbing at 260 m,A was released into the hypertonic environment when osmoplasts were formed and restored. Similarly, additional material absorbing at 260 m, was released into water in which restored cells had been resuspended. From these experiments, it could not be discerned whether this released material represented a small amount of lysis of all osmoplasts and restored cells or whether a few cells had been lysed extensively. We feel that the latter is the most as evidenced by numbers of fragments of cell walls and ghost cells compared to intact restored cells. Similarly, Gray and Wilkinson (10) reported that the permeability characteristics of the cell membrane of P. aeruginosa were unimpaired by EDTA.
The 0.5 M NaCl environment appeared to give better osmotic protection than the 0.55 M sucrose environment, as evidenced by the weaker absorption at 260 m,u demonstrated by the NaCl supernatant fluids (Table 4) . On the other hand, osmoplasts formed in the presence of 0.5 M NaCl could not be restored with multivalent cations. Evidence for lysis is shown by the decrease in optical density at 660 m,u when these osmoplasts were resuspended in water and by the amount of material absorbing at 260 m,u which was released into the water environment.
Evidence for the unimpaired respiration of restored cells. That restored cells are capable of respiration is shown by data in Fig. 1 a Protocol: Experimental conditions were the same as described for Table 1 except that the reactions were carried out in 0.5 M NaCl for one series of experiments. Sucrose and NaCl supernatant fluids were the supernatant fluids resulting from removal of osmoplasts and restored cells by centrifugation at 3,500 X g for 15 min. These sedimented osmoplasts and restored cells were then resuspended in an equal volume of water, incubated for 15 it is considered that 10 to 15% of the cells may have been lysed during these experimental manipulations.
Evidence that restored cells can form an induced permease system and that cell membrane permeability is not impaired by EDTA. The data in Fig.  2 We also observed that endogenous respiration of osmoplasts suspended in these hypertonic solutions was unimpaired, however, as compared with intact cells suspended in the same hypertonic environment. These findings compare favorably, therefore, with those reported by Smith (20) , who examined the effect of external sucrose concentration on the respiration of spheroplasts of Bacillus subtilis. She concluded that electron transport was not inhibited by the stretching of the cytoplasmic membrane after changes in osmotic pressure within the spheroplast.
These results, moreover, provide additional evidence that the permeability characteristics of the cell membrane were unimpaired by EDTA.
DIscussIoN
We have shown that incubation of P. aeruginosa with EDTA inducesthe formation of osmoplasts (i.e., osmotically fragile rods). These can be restored to osmotically stable forms by multivalent cations. Only those cells that are restored with divalent cations normally found in the cell wall are capable of multiplication. This suggests that the inability of alien cations to restore osmoplasts may be the result either of their toxicity or of the conformational changes which render the cell wall incapable of further metabolic interactions and of replication.
Osmoplasts so prepared are capable of endogenous respiration but incapable of forming an induced permease to citrate. This is a clear indication that EDTA does not alter the permeability characteristics of P. aeruginosa. This is in agreement with previous observations by Gray and Wilkinson (10) but in opposition to those by Leive (13) The fact that osmoplasts failed to form an induced permease may have resulted from effects of the change in osmotic pressure within the osmoplast, resulting in stretching of the cytoplasmic membrane. On the other hand, Ca++ and Mg++ are considered to be present in cell membranes of all cells in nature (19) . Similarly, Brown (4) presented evidence for the presence of Mg++ in the cytoplasmic membrane of Sarcina lutea. These divalent cations are thought to provide for a stiffening mechanism for lipoprotein membranes by forming salt bridges between neighboring -COO-groups (3) and to increase surface potentials by a contractile effect due to intra-and intermolecular interactions with phospholipids (19 Osmoplasts formed in a hypertonic solution of NaCl could not be restored with multivalent cations. This observation was interpreted to indicate that Na+ reacts with negative charges exposed when EDTA chelates multivalent cations from the cell wall. Thus, these negative charges are "screened" by Na+ and, therefore, are no longer free to react with added multivalent cations. Since the monovalent Na+ cannot form cross-linkages, a weakened cell wall results.
Our observations may also explain why E. coli will form spheroplasts when incubated in a growth medium containing LiCl (17) . If the Li+ were able to compete with multivalent cations for negative charges on the replicating cell wall, a weakened structure would result due to the absence of cross-linkages via multivalent cations within the cell wall.
Sensitivity to EDTA is not restricted to P. aeruginosa. Gray and Wilkinson (10, 11) reported that, in addition to P. aeruginosa, Alcaligenes faecalis is highly sensitive to EDTA and E. coli is moderately sensitive. Lipopolysaccharide is solubilized by this reagent (11) . These authors also indicated that EDTA sensitizes a wide variety of bacterial species to chloroxylenol preparations or potentiates its effects. Leive (14) 
